. 1990. Sulfur fractions and retention mechanisms in forest soils. Can. J. For. . The relevance of organosulfur formation and sulfate adsorption as S retention mechanisms in forest soils based upon the sulfur status of samples collected by horizon was investigated. Several forests of varying elevation, vegetation, location, and soil type were considered. Organic S was found to constitute over 78% of total S in the uppermost mineral (0-20 cm; A,E) horizons. This trend was also observed for both intermediate (20-40 cm; primarily A/B) and deeper (40+ cm; B,C) horizons, where organic S exceeded 65% of total S in all but one site examined. Adsorbed sulfate generally constituted only a minor component of the S pool in the uppermost mineral horizons (< 13% of total S in all sites examined). This trend was also observed with increasing depth, although in Vhe lowermost horizons adsorbed sulfate increased on a percentage basis. In almost all cases, the adsorbed anion constituted substantially less of the total S than did organic S, irrespective of depth. Carbon-bonded S was the most prevalent form of organic S for most sites at all depths examined. Adsorbed ester sulfate, recovered by extraction with basic phosphate, generally constituted a substantial portion of the adsorbed S pool for both Ol and O2 components of the forest floor and for the uppermost mineral horizon of most sites examined. This trend did not hold true with increasing otepth. Because organic S was the dominant form of S, irrespective of horizon, the data suggest that organosulfur formation, not sulfate adsorption, may represent the primary mechanism for S retention in forest soil.
Introduction
Sulfur accumulation from acidic precipitation has been documented for forested ecosystems in the southeastern, northwestern, and northeastern United States (Cole and Johnson 1977; Swank and Douglass 1977; Henderson et al. 1977; Johnson et al. 1982) . Two principal mechanisms by which this can occur are sulfate adsorption (Johnson and Henderson 1979; Johnson et al. , 1982 or by the microbial incorporation of sulfate S into organic matter (Fitzgerald et al. ,1985 Watwood et al. 1988) . It should be noted that other sources of soil S, litter and foliage, also contain organic S, comprising chiefly amino acid and sulfolipid S (Anderson 1975; Harwood and Nicholls 1979) . These forms of S can accumulate in the upper horizons and then translocated to the lower ones by percolating water (Schoenau and Bettany 1987) . However, this organic S of plant origin is mineralized rapidly to sulfate Fitzgerald et al. 1988a) , and is therefore 'Author to whom correspondence should be addressed. subject to the same possible fates as atmospherically derived sulfate.
The bulk of the work on S retention in forested ecosystems has concentrated mainly on processes occurring in the forest floor (Ol and O2 horizons) and uppermost mineral soil horizon. The contribution of organosulfur formation processes to S retention in these horizons has been investigated extensively (Strickland et al. 1986 (Strickland et al. , 1987 Watwood et al. 1986; Fitzgerald et al. 19886; Watwood et al. 1988 ). However, the intermediate and lowermost soil horizons have been given only cursory attention. In the limited work that has been carried out on depth profiles, Swank et al. (1984) found that organic S formation potentials decreased with increasing depth, but when quantities of substrate representative of each horizon were considered, substantial rates were apparent, even with samples collected from the Bw (26-65 cm) horizon of a hardwood forest in North Carolina. Based upon a detailed analysis of sulfate flux, Cole and Johnson (1977) suggested that adsorption plays a more important role in retention in lower horizons than does organic S formation. Moreover, Johnson et al. (1982) further suggested that over 80% of the S accumulation at Walker Branch Watershed in Tennessee was accomplished via sulfate adsorption to subsurface soils. The prevailing view, upon which some models for the sulfur cycle in forest soils have been based is that sulfate adsorption plays a major role in S retention, especially as depth increases (Mitchell and Fuller 1988) . The existing data suggest otherwise. Thus, others found that organic S is a major component of the intermediate and lower soil horizons (David et al. 1982 (David et al. , 1983 (David et al. , 1987 Mitchell et al. 1986; Watwood et al. 1988) , suggesting that organic S formation should be given more consideration as an S retention mechanism at all depths within these profiles. In light of this apparent contradiction, determination of both adsorbed as well as organic S pool sizes on the same samples for a variety of sites is warranted to better ascertain which mechanism plays the more important role when depth is considered.
Materials and methods

Site description and sampling
A partial description of the sites is provided in Table 1 . Samples were collected from the two litter layers (Ol and O2) and where applicable, from the uppermost mineral soil horizon, intermediate mineral soil horizons, and the lowermost mineral soil horizon from excavated pits at each site. Samples from all horizons (both litter and mineral soil) were sieved (< 1 cm), and all roots and stones were removed by hand. These samples were then maintained, field moist, at 4°C prior to analysis.
Intrinsic sulfur analysis
Intrinsic forms of S, those S-containing moieties endogenous to the soil, were quantified as follows. Total S was determined by hydriodic acid (HI) reduction after alkaline oxidation with sodium hypobromite (Tabatabai and Bremmer 1970) . Total Hi-reducible S, consisting of ester sulfate and inorganic sulfate, was quantified by direct reduction with HI (Freney 1961) . Carbon-bonded S, consisting of amino acid S and probably sulfonate S, was calculated as the difference between total Hi-reducible S and total S.
For determination of soluble and adsorbed S pool sizes, the following procedure was used. To generate the soluble fraction, a 1:5 soil-water mixture was shaken 15 min and centrifuged. The supernatant, containing soluble S, was then filtered (0.22-/tm membrane) and stored at 4°C prior to analysis. To obtain adsorbed forms of S, the residue was resuspended and shaken for 30 min with 0.02 M Na 2 HPO 4 (pH 7.9) in a 5:1 ratio. This procedure was repeated, and the resulting supernatants that were collected by centrifugation were pooled and filtered sequentially through 0.45-and 0.22-/tm membranes. The filtered extract, containing adsorbed forms of S, was stored at 4°C prior to analysis. Soluble S was determined by HI reduction (Freney 1961) , whereas soluble inorganic sulfate was quantified by anion chromatography (Dick and Tabatabai 1979) . Soluble ester sulfate was calculated as the difference between these two S pools. An identical treatment was used to quantify adsorbed ester sulfate and adsorbed inorganic sulfate. Insoluble ester sulfate, that which failed to be extracted by either water or Na 2 HPO 4 , was calculated as the difference between total Hi-reducible S and the sum of the soluble and the adsorbed Hi-reducible S. Although inorganic nonsulfate S has been detected in forest soils (Wainwright 1979; David et al. 1983 ), these various forms constituted only a small percentage of total S and were not determined in the present study.
Results and discussion
In general, the pool size of adsorbed S, containing both ester-linked sulfate and inorganic sulfate, exceeded that of the analogous soluble pool. This was true for the Ol horizon at 8 out of 15 sites examined (Fig. 1 ). For example, the Douglas-fir, red alder, Coweeta white pine, and Coweeta mixed deciduous sites had adsorbed S pool sizes that were more than twice that of the analogous soluble pool. This trend was more pronounced in the O2 horizon, with 14 out of 16 sites showing substantial differences between adsorbed and soluble S pools (Fig. 2) . The exceptions to this trend were the Turkey Lakes and camp branch sites, where O2 horizon soluble S pool sizes exceeded those of the adsorbed pool. Similar findings were made for O2 horizon samples taken from the Santa Fe National Forest in New Mexico (Watwood et al. 1986 ). This trend was also evident in the uppermost (0-20 cm; A,E) mineral soil horizons (Table 2 ) and most pronounced in the intermediate (20-40 cm; primarily A/B) and lowermost (40+ cm; primarily B,C) soil horizons (Tables 3 and 4) , where all sites examined exhibited more adsorbed S than soluble S. This was not surprising since others ( David et al. 1983) found that the adsorbed pool of S exceeded the water soluble pool in both intermediate and lowermost soil horizons. This trend with depth is in agreement with findings that adsorption is generally associated with iron and aluminum hydrous oxides and sesquioxides (Chao et al. 1964; Johnson and Cole 1980) , and results of previous research at the Fullerton site (Peters et al. 1970) have shown that iron content does tend to increase with increasing depth.
Within the adsorbed S pool, S bound in an ester linkage was present in larger quantities than was inorganic sulfate in the Ol and O2 horizons at 13 out of 15 and 15 out of 16 sites examined, respectively (Figs. 1 and 2 ). For example, Ol litter from the Nolan Divide, Whiteface, Fullerton, and red alder sites possessed adsorbed ester S pool sizes of more than double those of the adsorbed sulfate pool. This trend was also apparent in the uppermost mineral soil horizon (Table 2) , but was not so obvious for intermediate (20-40 cm; primarily A/B) soil horizons (Table 3) and occurred in only 6 out of 15 lowermost (40+ cm; primarily B,C) horizons examined (Table 4) . Previous studies at Walker Branch, Tennessee (Johnson and Henderson 1979; Johnson et al. 1981) , Huntington Forest, New York (David et al. 1983) , and Marmot Basin, Alberta (Mitchell et al. 1986 ), neglected to assay for adsorbed ester sulfate, although David et al. (1983) noted that the inorganic sulfate levels at Huntington Forest might be overestimated since this pool size was estimated by measuring total extractable HI reducible S. Based on the findings of the present study, we submit that adsorbed ester sulfate is an important fraction of organic S that should be quantified to fully assess the intrinsic S status of forest soil and litter. While ester sulfate levels usually exceeded inorganic sulfate levels in the adsorbed S pool, the same could not be said for the soluble S pool. In the Ol horizon, soluble ester S levels exceeded those of soluble sulfate at only 7 out of 16 sites examined (Fig. 1) , and in the O2 horizon, this was observed only with samples collected from the Douglas-fir, red alder, Whiteface, and Florida sites (Fig. 2) .
In most mineral horizons, organic S was the largest S-containing constituent. In the uppermost horizon, organic S accounted for greater than 78% of total S in all 25 horizons studied (Table 2 ). This was also true of the intermediate and lowermost soil horizons (Tables 3 and 4) , 1985 1985 1985 1985 1988 1985 1985 1985 1985 1985 1985 1986 1985 1986 1985 1987 1985 1986 1985 1986 1985 1986 1987 1985 1986 .3) 6.9(1.4) 9.0(1.6) NOTE: Results are expressed as means of /ig sulfur/g dry wt. with « = 3. SE < 15% in all cases. Values in parentheses represent the percentage of total sulfur, nd, not detected.
with the B. F. Grant Forest site being the only exception. Albeit there was more variability associated with organic S as a percentage of total S in the lower horizons, adsorbed sulfate nevertheless was a major S constituent (78% of total S) in the Bt horizon of this site. These results are similar to those of David et al. (1983 David et al. ( , 1987 and Mitchell et al. (1986) who found that irrespective of depth, organic S was the dominant S pool.
Within the organic pool, carbon-bonded S was, in general, the predominant S form, accounting for > 50% of total S in 16 out of 25 uppermost mineral soil horizons investigated (Table 2) . With increasing depth, carbon-bonded S was found as the major form of organic S in 5 out of 9 intermediate horizons (Table 3 ) and in 9 out of 15 lowermost horizons (Table 4) . Similar observations were made by David et al. (1983 David et al. ( , 1987 and by Mitchell et al. (1986) . Exceptions to this trend include the Fullerton, Tarklin, and Indian Gap sites with respect to the intermediate horizons and in the lowermost horizons, the Coweeta mixed deciduous, Nolan Divide, B.F. Grant Forest, and Indian Gap sites.
In general, adsorbed sulfate was only a minor S pool at all depths examined. In the uppermost horizon, this form of S comprised <13% total S in all sites investigated (Table 2 ). In intermediate soil horizons, the adsorbed anion accounted for < 10% of total S in 5 out of 9 horizons studied (Table 3) , with the exceptions being the Coweeta mixed deciduous B horizon, the norway spruce Bs horizon, the Tarklin A/B horizon, and the B. F. Grant Forest A/B horizon. In the lowermost horizon, the adsorbed sulfate pool as a percentage of total S increased relative to the upper horizons, but this pool size was still much smaller than the organic pool in all but the B.F. Grant site (Table 4 ).
The dynamic nature of the S cycle in forest soils is demonstrated by the temporal variability observed in the pool sizes of various S fractions in the uppermost soil horizons. For example, from 1985 to 1988, carbon-bonded S in the B.F. Grant Forest A horizon decreased from 103 to 12 /tg S/g dry weight, while adsorbed and insoluble ester sulfate levels increased from 8 to 22 and from 11 to 47 /tg S/g dry weight, respectively (Table 2) . Similar trends were observed for the Nolan Divide, Becking, Indian Gap, and Fullerton sites, where substantial changes in all S fractions existed between sampling dates (Table 2) . This is probably due to variation in biological activity occurring with time, because for the Indian Gap site, no significant change in total S levels was observed between sampling dates; however, the levels of carbon-bonded S in the A horizon of this site decreased dramatically (Table 2) . Previous research Fitzgerald et al. 1988a ) demonstrated that the mineralization of carbon-bonded S is biologically mediated, and this supports the above hypothesis.
In summary, organic S was the major pool in almost all sites examined regardless of depth. Conversely, adsorbed sulfate represented a small S pool relative to organic S at all depths. Cognizant of this observation, and noting additionally that carbon-bonded S accounted for most of this organic S at most sites examined at all depths studied, it seems logical to conclude that in terms of sulfur status, organic S formation is a more important S retention mechanism with increasing depth than is sulfate adsorption. This is surprising because in studies comparing laboratory derived potentials for each process (Fitzgerald et al. 19886; Watwood et al. 1988) , sulfate adsorption potentials exceeded those for organic S formation, especially in samples analyzed 1985 1987 1988 1987 1987 1986 1987 1986 1987 1986 1986 1986 1987 1986 1988 (Strickland et al. 1986) show that although most (80%) of the added label was adsorbed initially, subsequent incubation resulted in a decrease in the adsorbed S pool concomitant with an increase in the organic S pool. Sulfate adsorption may, therefore, represent a mechanism for immediate retention of incoming sulfate subsequent to desorption and incorporation of the anion into organic matter. Clearly, further study of the desorption process is needed before the true relevance of the adsorption process can be fully appreciated.
